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Introduction
Land can serve a variety of functions, for example, production of food and materials, area for settlements, conservation of biodiversity, and carbon sequestration. A function that is regaining attention against the background of the climate change problem is energy production by means of dedicated energy crops. Various studies impute a significant potential role to bioenergy in future climate change abatement (Grübler et al. 1995; Johansson et al. 1993; Lazarus et al. 1993; Shell International 1995; Sorensen et al. 1996) .
Limitations of varying severity, however, are also observed with respect to land availability for the future role of energy crops in global energy supply. Leemans and colleagues made a detailed study using a world energy scenario known as LESS-BI of the consequences for global land use of a biomass-intensive global energy system as published by the Intergovernmental Panel on Climate Change (Ishitani and Johansson 1996; Williams 1995) . Biomass, in this scenario, supplies 32% (181 EJ 1 ) of global energy in 2050 and 46% (325 EJ) in 2100 (Leemans et al. 1996) . One adaptation made by Leemans to the original LESS-BI work was that lower energy crop yields were assumed (Ishitani and Johansson 1996; Leemans et al. 1996; Williams 1995) . 2 In Africa and parts of Asia, Leemans found direct competition for land between energy and food; in other regions this was not the case. In the land-use model used in this analysis, however, agricultural land use (including energy crops) was able to expand into natural vegetation, leading to increased deforestation. The result was that the projected worldwide deforestation in the twenty-first century with LESS-BI was 21% as compared to 12% in a scenario without biomass energy (Leemans et al. 1996) . The study confirmed the large potential of bioenergy in climate change abatement, but at the same time observed limitations because of potential consequences for other landuse-related environmental themes (or concerns), such as deforestation and threats to biodiversity.
The higher land requirement of energy crops as compared to fossil fuels has often not been included in quantitative terms in comparisons of the environmental impact of these systems (Lysen et al. 1992; Sengers and Meeuwsen 1996; van den Broek et al. 1997 ; Van den Broek and Van Wijk 1996) . The possibility of future global land scarcity, however, pleads for integrating the aspect of land use within environmental assessments of biomass energy, because land required for energy crops could also be utilized in other ways, for example, for production of organic materials for nonrenewable material substitution, creation of space for nature development, or extensification of agriculture. 3 In previous work we showed that an environmental comparison of energy-crop-based systems and fossil fuel energy systems, without considering land use, can imply overlooking important induced environmental impacts in other areas (Van den Broek and Van Wijk 1996) . For instance, when wheat cultivation in a certain region is replaced by an energy crop, this, other things being equal, means that wheat production elsewhere in the world may increase, which can cause additional environmental impacts in that area. Including all induced effects can, however, lead to very complex unmanageable system comparisons (Audsley 1997 ; Van den Broek and Van Wijk 1996) .
The aim of this study was to make an environmental assessment of the use of energy crops in a context that incorporates the scarcity of land, but with a complexity that is manageable. For this assessment, we chose to focus on a case study in the Netherlands, a very densely populated country where land scarcity is an actual problem. In the Common Agricultural Policy (CAP) of the European Union, arable-land farmers are obligated to set aside a part of their land in order to reduce food surpluses (EC 1997) . As a compensation for foregone income they receive an area-based subsidy. Since 1995, the production of nonfood crops on this land has been permitted (EC 1996; EC 1997) . Environmental organizations in the Netherlands argue that this land may be used for growing energy crops, provided that sufficient land remains available for nature development, nonfood production (including material production), and the expansion of organic agriculture (Bootsma 1998) .
In our assessment, we compared the environmental impacts of two alternative ways of utilizing presently set-aside land. In the first alternative, formerly set-aside land is used to produce Figure 1 Schematic representation of the base case system (present set-aside land in combination with conventional agriculture), the green energy system (cultivation of energy crops on set-aside land), and the organic food system (extensive food production). electricity from energy crops, and in the second it is used to extensify the existing arable agriculture. 4 Although extensification, mainly in the form of organic agriculture, is an emerging development in the Netherlands, in-depth comparative lifecycle assessment (LCA) studies on its environmental performance are still rare (De Vries 1997) . Figure 1 shows the system extension used. In the base case (BC) and in the two alternative forms of land use, the amount of land used and the produced goods are the same. In the first alternative, the green energy system (GE), the cultivation of energy crops leads to the replacement of a certain amount of fossil energy. In the second alternative, the organic food system (OF), conventional food production is extensified and the energy supply remains fossil fuel based.
The area division in figure 1 should not be interpreted in direct physical terms. Figure 1 does not suggest that wheat and willow are cultivated physically on the same hectare (ha) of land, but represents the balance in the amount of land used that is valid at a country level.
Before we discuss some important methodological choices within the LCA, we describe the systems. The explanation of the method focuses on the way in which agricultural machine use and the application of fertilizers and pesticides was included in the LCA. We also present the environmental themes and the normalization method. Based on the system-specific input data, we present and interpret the results from the impact assessment and the normalization. Before we draw our final conclusions, we present a sensitivity analysis and discuss the main weaknesses of the study.
System Description
Winter wheat was chosen as the food crop under consideration because wheat is the most cultivated arable crop in Dutch conventional and extensified agriculture (LEI- DLO 1998) . The analysis of organic and conventional production of winter wheat was mainly based on the work of Audsley (1997) , Van Zeijts and Reus (1996) , Buizer (1999), and PAGV (1989) . Conventional winter wheat production starts with ploughing and seed bed preparation. Manuring is undertaken with a fertilizer spreader for chemical fertilizer. Crop protection takes place at various stages by means of a pesticide sprayer, and a combine is used for the harvest. During this harvest, bales of straw are produced as well. The final step we included was the transport of the wheat from the field to the farm. Transport of straw takes place separately.
The extensified agricultural system was based upon the standards of the Dutch EKO label for organic agriculture that differs little from conventional farming (De Vries 1997) . Ploughing, seed bed preparation, and sowing are basically the same, although ploughing in organic farming is normally less deep (23 versus 28 cm) (Buizer 1999) . The primary difference is that, in order to apply for the "EKO" label, chemically produced fertilizers and pesticides are prohibited. Therefore, animal manure is used as the basic fertilizer. This manure has to be pumped into the manure spreader by a slurry pump and is applied with a manure spreader with flexible tubes that are dragged over the soil. Additionally, grass clover is sown in order to suppress weeds and to supply additional nitrogen through nitrogen fixation. Crop protection (i.e., control of weeds) is undertaken by three rounds of harrowing when the crop is in the three-leaf stage. Yields are generally somewhat lower than with conventional wheat cultivation.
Set-aside land is also ploughed in the Netherlands, after which a seed bed is prepared for grass or clover sowing. It is fertilized very lightly and no harvest takes place.
Willow was chosen as the energy crop because various studies have indicated that it performs well as an energy crop from an economic and environmental point of view (Biewinga and Van der Bijl 1996; Coelman et al. 1996; Kaltschmitt and Reinhardt 1997; Lysen et al. 1992 ). The conversion into electricity was assumed to take place by means of gasification and cofiring of the syngas in a pulverized coal boiler. A power station using this technology is under construction in the Dutch Amer unit 9 in Geertruidenberg. The main assumptions in the chain from willow cultivation to electricity production were based on the work of Coelman and Willeboer (Audsley 1997; Buizer 1999; Van Zeijts and Reus 1996) . The agricultural activities were assumed to take place in the Dutch central clay area (largely situated in the province of Flevoland), because this soil is presently used for wheat and considered as a suitable soil for willow as well. A first pilot project for energy plantations in this region is currently ongoing (Breemen and Knol 1999) . The plantation lifetime of willow was assumed to be 25 years, during which six harvests are undertaken; the first harvest after 5 years and subsequent harvests after periods of 4 years. The cultivation starts with ploughing and harrowing with a rotary cultivator. Planting takes place with a four-row planting machine. After 1 year, the willow is cut off at ground level in order to stimulate root development. During the year before and after cutting, herbicide (glyphosate) application and intensive mechanical crop weeding is needed in order to protect the small willow plants against weeds. Fertilization was assumed to take place every year with a chemical fertilizer spreader. Possibly, more fertilizer is given during the first years of each harvest rotation because it may not be possible to enter the field in the third and/or the fourth year of each harvest rotation. Harvests were assumed to be undertaken by a whole-stem harvester. The willow remains in the field for a couple of months so that it can dry down to a moisture content of about 20%. After each harvest chemical weed control is undertaken by spraying glyphosate. After the end of the plantations' lifetime, the remaining trunks are killed with glyphosate as well. Transport to the power station takes place by means of large trucks with trailers. At the Amer power station, the willow is chipped and fed into the gasifier. This circulating fluidized-bed gasifier produces syngas, which is cooled down with a heat exchanger to facilitate gas cleaning. The cleaned gas is then burned in the existing pulverized coal boiler. Steam is generated in the existing steam cycle of the coal power generating station. Heat generated by cooling the gas is reused in the steam cycle as well.
A logical base for comparison with this form of electricity generation through cofiring of biomass is electricity generation from coal. Replacing part of the coal with biomass in coal power stations is also one of the main policy measures that the Netherlands will undertake in the coming years to meet their Kyoto commitment: 6% CO 2 emission reduction in the budget period 2008 -2012 as compared to 1990 (VROM 1999 . The coal used is first mined and preprocessed in the country of origin. In 1998, coal used in Dutch power stations mainly came from Australia, South Africa, and Indonesia. Ocean transport of the coal takes place on large ships to the harbor of Rotterdam. There, the coal is transferred to river boats that transport the coal to the storage area of the power station in Geertruidenberg, whose data were used to represent the coal-based electricity generation case in the LCA comparison (EPZ 1997; Willeboer 1998a; Willeboer 1998b ).
Method
LCA is a method to assess the impact a product or process can have on the environment. It uses the so-called cradle to grave approach, which means that all direct and indirect impacts are included, starting from the production of the raw materials up to the waste phase of the product cycle. The LCA method used in our study was based on a recently updated Dutch manual and implemented according to international ISO standards (Guinee et al. 2000; Heijungs et al. 1992a Heijungs et al. , 1992b NNI 1998; Udo de Haes et al. 1999) . For the application of this method to agricultural products, we made use of an additional methodology development as described by Wegener Sleeswijk and colleagues (1996) and Audsley (1997) . Calculations were performed with SimaPro 4.0, which contains process databases from the Pré database, the BUWAL 250 database (Bundesambt für Umwelt 1996), and the IDEMAT database (Pré Consultants 1998) . According to the ISO 14040 standard, an LCA should consist of four components: definition of goal and scope, inventory, impact assessment, and interpretation.
Definition of Goal and Scope
The goal was to compare the potential environmental impacts of two methods of utilizing presently set-aside land with the alternative of leaving the land in its set-aside state. The two alternative uses are the extensification of conventional agriculture and the production of energy crops for electricity generation. By means of system extension, the three forms of land use are presented as three alternative ways to produce x ton of winter wheat and y kWh 5 of electricity, all based on the use of the same (directly involved) amount of land (figure 1). This "package" of winter wheat and electricity is the functional unit in this LCA. The exact magnitudes of x and y are an intermediate result of the study and are therefore presented in the inventory part of the results section. Electricity from coal versus electricity generated from biomass by the same kind of power station can be considered as identical product. As assumed by Wegener Sleeswijk and colleagues (1992) and Audsley (1997) , we also considered wheat production from conventional and extensified agriculture as a product of comparable quality. The study had its geographical focus on the central clay area of the Netherlands and concentrated on presently commercially available technology for the production of the functional units (see also the system description section). System boundaries between the environmental and the economic system in the case of agriculture were assumed to be at the harvestable part of the crop, and therefore the soil and crop residues that remain in the field were assumed to be part of the environmental system .
Inventory

Agricultural Machinery
With respect to the potential environmental impact of agricultural machinery, we distinguished between the production, the storage, and the use of the machinery. Emissions related to the production of agricultural machines were allocated on the basis of the hours of use compared with the total hours of use over the lifetime of the machinery (Audsley 1997) . We used direct emission figures for the machinery production based on average emission figures available from the literature. These figures were expressed per monetary amount of investment cost of the equipment and therefore had to be multiplied by the investment cost of the machinery used. For the indirect emission we used factors for the steel and energy requirement per kilogram of machinery, and we included emission figures for the production of construction material for a storage shed per cubic meter of machinery (LEI-DLO 1998; Audsley 1997) , dependent on the space occupied by a piece of machinery. The amount of fuel used for driving the machinery was determined by its capacity and its load. For example, a 100 kW tractor uses more diesel when it is ploughing than when it is driving on the street, and a 50 kW tractor uses less diesel when driving at a certain speed on the street than a 100 kW tractor does.
Fertilization: The Use of Nutrient Balances
Emissions as a result of fertilization were assessed by means of a nutrient balance, mainly based on the work of Audsley (1997) , Van Zeijts and Reus (1996) , and Wegener Sleeswijk and colleagues (1996):
• The utilizable part of the atmospheric deposition of nutrients was added to the amount of fertilizer applied (Van Zeijts and Reus 1996).
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• Ammonia (NH 3 ) emission to the air of chemical fertilizers was assumed to be 2% of the mineral nitrogen content of the fertilizer applied. In the case of animal manure, this is 50% of the mineral nitrogen content if the manure is surface applied and 5% in case of incorporated manures. Application of manure with dragged tubes was estimated to have an emission of 17.5% (Van Zeijts 2000).
• The remaining amount of nitrogen was reduced with the nitrogen removed as harvestable product (Van Zeijts and Reus 1996).
• We assumed a steady-state situation: mineralization is equal to demineralization (Van Zeijts and Reus 1996). • Of the resulting nitrogen surplus, 80% was assumed to denitrify to the air and 20% was assumed to leach to the groundwater in the form of the nitrate ion (NO 3 ‫מ‬ ) (Van Zeijts and Reus 1996).
• Nitrogen emission in the form of N 2 O was assumed to be 1.0% of the total applied nitrogen in the fertilizer (Audsley 1997 ).
• In the case of phosphorus fertilizers, it was assumed that 9% of the phosphorus surplus leaches to the groundwater in the form of phosphate . • Addition of heavy metals to the soil via fertilizers was corrected for the exported amount of heavy metals in the harvested product (Audsley 1997) . If, after this correction, the resulting emission was negative, we assume a net zero balance of heavy metals, because uptake is believed to be lower when soil concentration of heavy metals is relatively low.
Allocation
Three types of allocation of emissions and resource use were used: allocation to the coproducts wheat and straw, allocation to the various crops within the crop rotation, and allocation of the impacts of recycled manure.
Activities that were undertaken only for straw production (e.g., straw baling and transport) were not included. All activities that benefit the production of both wheat and straw were allocated economically, based on the market price of wheat and straw (Audsley 1997; Van Zeijts and Reus 1996; Wegener Sleeswijk et al. 1996) . For the case under consideration, the Dutch market prices from the most recent agricultural statistics were used.
Winter wheat is most often used within a crop rotation of sugar beets, potatoes, and set-aside land. P 2 O 5 fertilizer is often applied once for the whole crop rotation but can be utilized by all crops in the rotation. Therefore, in accordance with the approach developed by Van Zeijts, we allocated the total applied amount to all individual crops in the crop rotation proportionally to the advised amount for each of these crops (PAGV 1989; Van Zeijts and Reus 1996) . Organically bound nitrogen (N r ) from animal manure also benefits more crops in the crop rotation. This was allocated to each crop according to its share in the crop rotation . The use of machinery for animal manure application was allocated to the various nutrients it contains on the basis of their economic value. For cattle manure this has been calculated by van Zeijts as an allocation of 15% to P 2 O 5 and 5% to N r (Audsley 1997; Van Zeijts and Reus 1996; Wegener Sleeswijk et al. 1996) .
Application of animal manure is a form of open-loop recycling. Emissions of the whole process of production and application of animal manure were allocated to cattle breeding and arable agriculture on the basis of the economic value of the manure. Manure can be considered as a waste product in cattle breeding because it has a negative economic value at the cattle farm (the cattle farmer has to pay to get rid of it). The manure that is sold to arable-land farmers (after transport and storage) often has a positive economic value (the farmer has to pay to get it). All activities that are undertaken when the manure has a negative value were allocated to cattle breeding, whereas all other activities were allocated to the arable farming. Processes during which the price changes from a negative to a positive value (e.g., storage or transport of manure) were allocated to the two forms of agriculture on the basis of the price paid by both parties for this process .
Application of Pesticides
Based on the LEI database (LEI-DLO 1998), we assumed that for all pesticides, the application of 1 kg of pesticide leads to a direct soil emission of that pesticide of 0.5 kg, a direct air emission of 0.1 kg and a direct water emission of 0.01 kg. Fate of the pesticides from one environmental compartment to another was included in the eco-toxicity classification factors in the impact assessment. This methodology, as developed by Huijbregts (Huijbregts 2000; Huijbregts et al. 2000a Huijbregts et al. , 2000b ) , was included because it is the preferred method according to the recently updated Dutch LCA manual.
Impact Assessment
The environmental themes and their classification factors used in our study were based on the CML problem-oriented approach in the recently updated Dutch LCA manual. They are (i) abiotic depletion, (ii) photochemical oxidation, (iii) ozone layer depletion, (iv) climate change, (v) odor, (vi) aquatic eco-toxicity for freshwater, (vii) aquatic eco-toxicity for seawater, (viii) sediment eco-toxicity for freshwater sediment, (ix) sediment eco-toxicity for seawater sediment, (x) terrestrial eco-toxicity, (xi) human toxicity, (xii) acidification, and (xiii) eutrophication (Guinee et al. 2000 , Huijbregts 2000 , Huijbregts et al. 2000a ). Both for climate change (theme iv) and for the various toxicities (themes vi through xi), we used a time horizon of 100 years. Because energy plays an important role in the considered systems, we subdivided theme i into i A , nonrenewable energy carrier depletion; and i B , other abiotic depletion. The assessment of the depletion of nonrenewable energy carriers was undertaken on an energy base (in megajoules), principally because energy carriers can be assumed to be mutually interchangeable. The resulting emissions and resource use are called the "effect scores."
Interpretation
The interpretation phase of our LCA consisted of two parts: (1) interpretation of the impact assessment results for each environmental theme on the level of the subprocesses and (2) interpretation of the normalized effect scores for the highest-scoring environmental themes on the level of the three systems that are investigated in this study: the base case, the green energy case, and the organic food case. The first part was applied to provide insight into the results on the subprocesses (e.g., biomass electricity production, conventional wheat production). Because of the equal land area used in all systems in the overall system comparison, final conclusions were drawn only on the basis of the second part of the interpretation. Normalization was undertaken in order to assess the significance of the contribution to each of the environmental themes. Although there is always some impact on each theme, in some cases this can be so small that it may be irrelevant. This is indicated by the normalized scores that are used to relate the scores on each environmental theme with the total impact on this theme in the Netherlands. For the normalization, we used data on the total Dutch effect score as calculated by the same method as in the impact assessment (Guinee et al. 2000) . In order to come to the normalized effect scores, the effect scores resulting from the impact assessment were divided by the overall Dutch annual effect score. No further weighting was undertaken because there is no sufficiently objective scientific basis for doing so. Normalization data are considered to be less subjective Journal of Industrial Ecology Source: Sources are indicated in superscript: 1, LEI- DLO 1998; 2, Audsley 1997, Kaltschmitt and Reinhardt 1997; 3, Audsley 1997; 4, Gigler et al. 1999a; and 5, Coelman et al. 1996 . If no reference is mentioned in the cells, the reference mentioned in the column heading was used. a n.a. ‫ס‬ not applicable. The load category is irrelevant for the tractors because their load is determined by the type of machinery they have to pull and/or power.
b Authors' estimation on the basis of comparable machinery.
c The electricity consumption of the chipper was assumed to be 14.19 kWh/ton dry (Gigler et al. 1999a ).
and less disputable than weighted indicators, yet they can still show the relative significance of the various impacts caused by the systems under consideration, and they can give quantitative input for policy making.
Input Data
General Input Data
In the inventory method description, the method of dealing with agricultural machinery was presented. Data on the investment cost, the weight, the utilization, and the space requirement of agricultural machinery is presented in table 1. Table 2 shows the diesel use of various agricultural machinery at different loads. The heavy metal balance was based on the data from table 3, and the Dutch annual effect scores used in the normalization are presented in table 4.
System-Specific Input Data
The most important data that characterize the systems selected are presented in table 5. The willow yield and the fertilization level to obtain this yield were based on test plots and on model work in the Netherlands (Coelman et al. 1996; Gigler et al. 1999b ). The distance for biomass transport represents the average road distance between the Amer power station and the central clay area. For coal, the distance was based on the weighted average of present distances of coal transport for supply to the Netherlands. The fact that the efficiency of the biomass power station is lower than that of the coal power station is Coelman and colleagues (1996) , the rest is based on the work of Kaltschmitt and Reinhardt (1997) .
Note: -‫ס‬ not available; only data for the real harvesting activity were included.
a The machine power on which the diesel use was based.
b The range of machinery to which we applied this diesel use. Source: All data on heavy metals in fertilizers come from the work of Westhoek and colleagues (1997) , except for the Mo figure, which comes the LEI (LEI- DLO 1998) . Data on willow heavy metal composition are averages of all data mentioned in the ECN Phyllis database (ECN 1999).
a Wheat and straw heavy metal content come from the work of Westhoek and colleagues (1997) . Westhoek did not give data on Mo and Cr. As an estimation we used the willow values.
because of the gasification efficiency. This is about 84% LHV , 7 including a correction for the reuse of the heat produced in the gas cooling step in the steam cycle of the Amer power station. Emissions from biomass electrical generation by the power station were based on estimates in the environmental impact report on this project (KEMA 1996) . Material use for the biomass power station is higher per GWh e generated because of the relatively small scale gasifier that was used for biomass (about 30 MW e as compared to 600 MW e for the coal unit).
Yields of both organic and conventional winter wheat and straw were based on actual practice. Pesticide and herbicide use for conventional winter wheat presents the average in the central clay area (Spigt and Janssen 1997) . Application of animal manure in organic agriculture takes place with dragged tubes, as already described. Set-aside land in the Netherlands does require machinery input, because grass clover is sown as a cover crop. This is lightly fertilized with 20 kg of nitrogen per hectare per year (Spigt and Janssen 1997) . Journal of Industrial Ecology A table showing the number of hours that machinery is used in the various steps of the agricultural systems is available as an e-supplement on the journal's web site at ͗http://mitpress. mit.edu/JIE͘.
Results
Inventory
A direct result from the inventory is the area division in the three systems as presented in figure  1 . This enables quantification of the functional unit of the system comparison. The yield of organic wheat production implies that 6.0 (net) tons 8 of wheat are produced on 1 ha in the OF system. The study's structure requires that in the GE system 6.0 tons of wheat are also produced, which takes 0.72 ha. On the remaining 0.28 ha, 2.7 tons dry matter of willow is produced annually, on average. This willow (47.4 GJ LHV ) can be converted into 4.7 MWh e of electricity. For comparison, in the BC and the OF system 4.7 MWh e of electricity from coal is also produced. As a result, the functional unit is a "package" of 6.0 ton of wheat and 4.7 MWh e of electricity.
Impact Assessment
The impact assessment outcomes on the various themes all have different units. In figure 2 they are presented as a percentage of the highest of the three systems for each theme. For example, the BC has the highest score on energy carrier depletion. This is therefore called 100%. The energy carrier depletion score for the GE case and for the OF case are now expressed as a percentage of the BC score for this environmental theme.
Interpretation
Interpretation of the Relative Score of the Various Subprocesses
The following observations and interpretations can be made from figure 2:
Nonrenewable energy carrier depletion. Most energy carrier depletion takes place with electricity generation from coal. Ninetyfive percent of this results from direct combustion of coal in the power station; the rest is from coal transport and mining. In the case of electricity production from willow, nonrenewable energy carrier depletion is about 9% of that of coal-based electricity. More than half of the energy depletion with conventional wheat comes from nitrogen fertilizer production. Although diesel used for tractors is about 35% higher for organic wheat production as compared to conventional wheat production, the over- Source: Sources of the data are indicated in superscript: 1, Coelman et al. (1996); 2, Gigler et al. (1999b); 3, ECN (1999); 4, Gigler et al. (1999a); 5, GKE and Vliegasuire (1999); 6, Kaltschmitt and Reinhardt (1997); 7, Frischknecht (1996); 8, Willeboer (1998a 8, Willeboer ( , 1998b 9, KEMA (1996) ; 10, Mann and Spath (1997); 11, Speelman (1994); 12, Hoste et al. (1996); 13, Van Zeijts and Reus (1996); 14, Buizer (1999); 15, Audsley (1997); 16, Spigt and Janssen (1997); 17, Wegener Sleeswijk et al. (1996); 18, EPZ (1997) .
Continued on next page Journal of Industrial Ecology
Note: HHV ‫ס‬ high heating value; LHV ‫ס‬ low heating value.
a The amount of fertilizer applied is the amount that is physically applied in practice to the wheat crop under consideration. This is therefore the starting point of the allocation procedure as described in the inventory method description.
b The values in parentheses for herbicides and pesticides indicate the concentration of active components. For fluids, the applied amount is given on a volume basis, and the concentration is in mg/L; for solids (only pirimicarb) the values are given on a mass basis, and the concentration is a fraction.
Figure 2
Comparison of the impact assessment results for the base case system, the green energy system, and the organic food system. All scores are expressed as a percentage of the largest one. Energy car. depl. ‫ס‬ nonrenewable energy carrier depletion; other abiotic depl. ‫ס‬ other abiotic depletion; photoch. oxid. ‫ס‬ photochemical oxidation; ozone layer depl. ‫ס‬ ozone layer depletion; aq. tox. fresh. ‫ס‬ eco-toxicity for freshwater; aq. tox. sea. ‫ס‬ eco-toxicity for seawater; sed. tox. fresh. ‫ס‬ eco-toxicity for freshwater sediment; sed. tox. sea. ‫ס‬ eco-toxicity for seawater sediment; ter. tox. ‫ס‬ terrestrial eco-toxicity; human tox. ‫ס‬ human toxicity. The subscript "eq" in the units mentioned below refers to "equivalent"; for example, the unit kg 1,4-dichlorobenzene eq , used as a measure for toxicity, refers to a toxicity level that would be caused by emissions for the production of agricultural machinery. iv: Climate change. With electricity production from coal, greenhouse gas emissions are strongly related to fossil energy use; 96% of the total greenhouse gas emissions from electricity production from coal originate from direct emissions from burning coal. Emissions in the willow chain in total comprise 9% of those in the coal chain. Of this 9%, 30% stems from N 2 O emissions, 30% is from nitrogen fertilizer production, and 40% is from the use of agricultural machinery. Greenhouse gas emissions in conventional wheat production consist of about 50% from N 2 O emissions as a result of nitrogen fertilization, about 25% from nitrogen fertilizer production, and about 25% from machinery use. In the case of organic agriculture, total greenhouse emissions are about 55% of those of conventional agriculture, and about 40% of these emissions are N 2 O emissions. v: Odor. Odor is largely caused by the NH 3 emissions as a result of fertilization. The application of animal manure in organic wheat production leads to relatively high NH 3 emissions. vi ‫ם‬ viii: Eco-toxicity for freshwater and freshwater sediment. Conventional wheat production scores much higher than other processes on freshwater toxicity. This is almost completely caused by pesticide use, of which 50% comes from the use of the pesticide pirimicarb. More than 75% of the freshwater toxicity with electricity from willow stems from heavy metals emissions to water from the production of P 2 O 5 fertilizer, and about 20% of the toxicity stems from the application of glyphosate. The result for freshwater sediment is comparable to that for freshwater. vii ‫ם‬ ix: Eco-toxicity for seawater and seawater sediment. Conventional wheat production scores highest, and that stems from a variety of sources: 15% from pesticide use, 20% from lead emissions from diesel use in tractors, 30% from fertilizer production, and 30% from machine production. With organic agriculture, the main sources are diesel-based lead emissions (35%) and machine production (50%). The effect with willow is relatively small, mainly originating from P 2 O 5 production (40%). Seawater sediment eco-toxicity shows a comparable result. x: Terrestrial eco-toxicity. Terrestrial ecotoxicity is dominated by conventional wheat production. Almost 100% of this impact results from pesticide application (mainly pirimicarb: 55%). The small impact with organic wheat stems from heavy metal emissions from the application of cattle manure slurry to the soil. xi: Human toxicity. Although the overall result for human toxicity resembles that for terrestrial eco-toxicity, the main causes are different. For conventional wheat production, the main cause of human eco-toxicity is the application of the herbicide mecoprop (64%). xii: Acidification. An important contributor to acidification in the systems considered is the emission of ammonia 9 to the air resulting from fertilizer application. This emission is about a factor of 4 higher for organic agriculture compared to conventional agriculture (per ton of wheat produced), as a result of the higher ammonia emissions with animal manure application as compared to the application of artificial fertilizer. In the case of organic wheat production, acidification is largely caused by these ammonia emissions (83%) and to a smaller degree (17%) by NO x and SO 2 emissions from tractors. The same type of emissions dominate acidification from conventional wheat production, although the share of ammonia emissions is only about 50%. Acidification from coal-based electricity stems from the power station emissions of SO 2 and NO x (60% and 39%, respectively), and with willow-based electricity it is a mixture of ammonia emissions and NO x and SO 2 emissions from both tractors and the power station. xiii: Eutrophication. Nitrate leaching and ammonia emissions almost equally determine organic wheat-based eutrophication. In the case of conventional wheat, eutrophication mainly stems from nitrate leaching (50%), phosphate leaching (22%), and ammonia emissions (16%). With willow, phosphate and nitrate leaching are the most important factors, contributing 52% and 27%, respectively. A slight impact on eutrophication was found with coal-based electricity in the form of its power stationbased NO x emissions.
The impact of set-aside land is relatively small compared to the other processes for all impact themes. Figure 3 shows the results after normalization. Acidification, climate change, terrestrial ecotoxicity, and energy carrier depletion appear as the environmental themes that are most significant, followed by eutrophication and ecotoxicity for seawater and seawater sediment. The interpretation is now focused on those seven environmental themes that are most significant after normalization.
Interpretation of the Normalized Results of the Compared Systems
The GE scores best in terms of the most significant impact of acidification and the themes of climate change and energy carrier depletion. Differences are relatively significant. In the case of acidification, the GE impact is about 70% of that in the BC and 40% of that in the OF. With climate change and energy carrier depletion, the GE impact is about 35% of that of the two alternatives. The OF alternative scores significantly better on terrestrial eco-toxicity. Its impact on this theme is only 10% of that of BC and GE. Moreover, it scores marginally better at ecotoxicity for seawater and seawater sediment; its impact on these themes is about 80% of that of BC and 65% of GE. BC is only most favorable for eutrophication; about 25% lower than the two alternatives.
Sensitivity Analysis
The sensitivity analysis focused on the yield of organic wheat and willow and on the type of fossil fuel-based electricity that is replaced by biomass-based electricity. Crop yield generally strongly influences the environmental performance of a crop. Moreover, the yield of organic wheat determines, together with the conventional wheat yield, the area division of figure 1. The type of fossil fuel system that was replaced was chosen because environmental impacts of various types of fossil fuel-based electricity generation systems can vary widely.
We calculated the same type of results as presented in figures 2 and 3 with the following variations in input data as compared to the original scenario:
Scenario a A 25% lower yield of organic wheat Scenario b A 25% higher yield of organic wheat Scenario c A 25% lower willow yield Scenario d A 25% higher willow yield Scenario e Natural gas as the fossil fuel instead of coal
In the first four scenarios, the products that are produced on the 1 hectare described in figure  1 change. Therefore, we do not discuss the absolute differences with the original scenario, but only the relative differences between the systems studied. In scenario e, the same amount of wheat and electricity are produced as in the original scenario.
Scenario a makes the differences among the choices more pronounced, except in the case of terrestrial eco-toxicity, where the OF now scores at 15% of the other two systems instead of the 10% in the original scenario.
Scenario b (a higher yield of organic wheat) leads to a very small amount of electricity included in the systems comparison, because the organic and conventional wheat yields are very close now. BC and GE score very close on acidification, both at 25% of the OF impact. The situation for terrestrial toxicity hardly changes, but the differences with respect to the climate change and energy depletion themes become less pronounced. The score on seawater and seawater sediment toxicity are almost equal for all systems now. The OF does have double the impact of the other two systems in this case.
A lower willow yield (scenario c) means that from the same amount of land less electricity can be produced, whereas the wheat production remained unchanged. This leads to slight disadvantages for GE as compared to the original scenario. Scenario d leads to the opposite effects of scenario c. Whereas the impact on eutrophication in the original scenario was similar for GE and OF, in scenario c it is more affected by GE, and in scenario d more by OF.
The impact of scenario e is quite significant and therefore shown in figure 4. For the natural gas power station, we used the ETH data for Dutch natural gas stations corrected to an efficiency of 55%, which is representative of largescale, state-of-the-art natural gas stations in the Netherlands (SEP et al. 1997 ). This scenario decreases the impact of the fossil fuel-based elec-Journal of Industrial Ecology Comparison of the normalized scores for the base case system (BC), the green energy system (GE), and the organic food system (OF) for sensitivity scenario e: natural gas as fossil fuel instead of coal. Abbreviations as in figure 2 . tricity due to acidification by 75%, and its impact on climate change by about 35%. Energy depletion also decreases by 17%. Overall, the BC now scores slightly lower than GE at acidification, and the differences between the options become less pronounced for the climate change and energy depletion themes.
Discussion
We divide the discussion into issues related to the methodology used, the system definition, and the input data.
Methodology Used
The choice of the various time horizons affects the toxicity and climate change results. Whereas the effect appeared not to be very pronounced with regard to climate change, the difference between the various time horizons may have severe consequences for toxicity-related impacts. Time-horizon-dependent differences in toxicity potentials for metals go up to several orders of magnitude, which can drastically change the results for these themes (Huijbregts 2000) .
We did not undertake a complete cradle-tograve analysis because the LCA study stops at the farm gates and the gates of the power stations. In the case of electricity production, the products produced in the different systems can be considered to be comparable. The logistical chain that follows organic food production may be less efficient than the conventional food chain as a result of economies of scale; however, this is a result of present market conditions and not an intrinsic disadvantage of organically grown food products. We did also assume that the uptake of CO 2 , other nutrients, and heavy metals was similar for conventional and organic wheat. As a result, possible emissions of these components in the chain behind the farm gate are similar in both systems and therefore not considered in this study.
Indirect land use (required for the production of economic inputs in the various systems) has not been included in this LCA study. Including it may influence the land-use balance of figure 1, although the calculations indicate that this influence is likely to be very marginal.
Clover sowing during set-aside may lead to a reduction in nitrogen need in the subsequent year, because clover can fix nitrogen at a rate of about 60 to 80 kgN/ha/yr 10 (Melgers 1993) . Only a part of this nitrogen can be used by the crop in the next year, because part of it will become available outside of the growing season (and will probably leach out) and after the first year. Because it is not known which part of this is available during the next year (the amount is partly determined by weather conditions), we did not include this indirect impact in the analysis. It can be expected, though, that the impact of this is relatively small as compared to the total nitrogen requirement in wheat production (which is 240 kg nitrogen/ha/yr).
The actual relevance of the eco-toxicity of seawater and seawater sediment is still relatively uncertain (Udo de Haes 2000). The inclusion of this theme into the toxicity potential was a first attempt at undertaking an analysis of this. Aggregation has been based on volumes of the compartments involved without considering species density per compartment (Huijbregts et al. 2000a (Huijbregts et al. , 2000b .
The assessment was limited to potential environmental impacts. Although location dependency was included in the inventory, locationdependent factors were not included in the impact assessment. This may have consequences for emissions that are influenced to a large extent by local factors, such as nutrient leaching and pesticide and ammonia emissions. For some environmental themes, this could influence the results, as was shown by Potting in the case of human toxicity and acidification (Potting 2000) . This is not expected, however, to play a significant role in this case, because most impacts take place at the same location in the Netherlands, so that relative results are not affected.
The system comparison was undertaken only from an environmental point of view. In determining the best alternative land use for presently set-aside land, socioeconomic factors should also be included. Regarding the economic analysis, the comparison could include both costs and market prices of the products produced. Both green electricity and organically grown food presently have a higher market value than their conventional alternatives.
Biodiversity is not assessed in this LCA. It is, however, like the other points just mentioned, an aspect that could be included in such an analysis as well. The focus could then be on the physical habitat value of the different types of land use in the three systems assessed.
System Definition
The systems studied do not have a direct practical application because, in practice, winter wheat is not produced as a sole crop, but only used in a crop rotation. Although crop rotations differ between organic and conventional agriculture, we still believe that we can draw a general picture with the system comparison considered. Results may also have been different when comparing conventional and organic production of arable crops such as potatoes and sugar beets. The difference between the two types of production may be larger with these two relatively intensive arable crops.
Although the OF was based on organic winter wheat production, summer wheat cultivation is often preferred to winter wheat cultivation in organic agriculture. Mechanical weeding in the winter is often hampered by wet field conditions and the fact that the wheat plants are still vulnerable. This gives weeds the chance to develop during winter, so that weed control in spring may become difficult (Buizer 1999) . The activities in the cultivation of summer wheat are quite comparable with those of winter wheat, except for the timing. The largest difference is the higher potential yield of winter wheat because of the longer growing season. To a large extent, however, this is canceled out by the greater competition from weeds in organic winter wheat production, so that obtainable net yields can be assumed to be similar (Buizer 1999) .
Mineral fertilization of willow could basically be supplied from ash produced in the power station. This could avoid the production of some (nonnitrogen) artificial fertilizers.
In practice, the cultivation of energy crops on set-aside land is mainly limited by the fact that the obligatory set-aside rate is a function of food cereal supply and demand and is therefore subject to change. Ongoing discussions, however, are considering stimulation measures for energy crop cultivation in the form of a subsidy per hectare that is independent of the set-aside policy (EC 1996) .
For all the systems discussed, there are various potential routes for improving the environmental performance. Including these was out of the scope of this study. We concentrated on the present state of the art, so that the starting point was similar for all systems.
Input Data
In general, data quality was considered to be relatively high because most data were based on available information from present commercial practice in the area under consideration. Especially with respect to environmental themes that are determined by very small emissions in mass terms, representativeness of the data was believed to be lower. Although these emissions may be accurate, sometimes (e.g., in the case of CFC-13 emissions from machinery production) the fact that they may have been left out in other processes could influence the results significantly. In most cases, however, these types of impacts were corrected downward automatically by the normalization process. NH 3 emissions resulting from fertilizer application have a major impact on acidification. The estimation of the amount of NH 3 volatilization, however, is relatively uncertain and depends on soil pH in the case of chemical fertilizer and on the manure nitrogen concentration in the case of animal manure. N 2 O emissions, which have a significant impact on the total climate change score, are also relatively uncertain (Audsley 1997; Van Zeijts and Reus 1996; Wegener Sleeswijk et al. 1996) .
Conclusion
A comparative LCA study was made of two alternative production systems for presently nonproductive set-aside land in the Netherlands: the base case system (BC); a green energy system (GE), producing electricity from willow; and an organic food system (OF), producing wheat in an extensified agricultural system. In order to make the functional units comparable, in GE, wheat is produced from conventional agriculture, and in BC and OF, electricity is produced from a conventional fossil fuel-based station. This was done in such a way that the land use is 1 ha in all three systems. The final system comparison was based on normalized scores per environmental theme.
After normalization, the relatively most significant scores were seen with (in order of magnitude of the highest score out of the three systems considered) acidification, terrestrial eco-toxicity, climate change, energy carrier depletion, seawater eco-toxicity, eutrophication, and seawater sediment eco-toxicity.
Acidification is dominated by NH 3 emissions from cattle manure application in organic wheat production. Together with the relatively high acidifying emissions of coal-based power generation, this leads to a score for OF that is almost two times as high as that for BC and almost three times as high as that for GE. Terrestrial ecotoxicity is dominated by the pesticide emissions in the conventional wheat production. This leads to an impact score that is about a factor of 10 lower in OF as compared with the other two systems. The climate change and energy carrier depletion environmental themes are mutually related to a large extent (except for the N 2 O emissions). Mainly because the overall CO 2 emission from coal-based electricity is about a factor of 11 higher than that for willow-based electricity, BC and OF score about a factor of 3 higher than GE on this theme. This also accounts for the depletion of nonrenewable energy carriers. Results from the relatively uncertain themes of ecotoxicity for seawater and seawater sediment are strongly related as well. The impact of coal-based electricity is very low. The higher impact of willow-based electricity and the fact that the difference between conventional and organic wheat production is not very large for this theme result in GE having the highest impact. BC scores about 20% lower and OF about 40% lower. Eutrophication is the only theme for which BC is most favorable. GE and OF score about 20% higher, mainly as a result of higher phosphate leaching in willow production and higher ammonia emissions in organic wheat production.
Considering the environmental impacts of energy crops within the context of scarcity of land and the system definition used in this study, we conclude that energy crops as land use can be preferred over extensification of present agriculture and set-aside land, when considering the themes of acidification, climate change, and energy carrier depletion. Regarding eutrophication, energy crops score equal to extensification of agriculture, but slightly worse than set-aside land. On terrestrial eco-toxicity and (to a lesser extent) on seawater and seawater sediment ecotoxicity, extensification of agriculture performs better than energy crops. Depending on environmental policy priorities and the local severity of the various environmental problems, preference could go to any of the three systems, from an environmental point of view. Moreover, nonenvironmental considerations (e.g., of a micro-or macroeconomic nature) can further influence the determination of policy preferences that promote one of the three land-use types.
Energy-crop-based energy systems and extensification of agriculture both get policy support for environmental reasons; however, because both systems require more land than the more conventional systems that they replace and because land is limited in the long term, choices may have to be made between the two. The case studied here shows that when climate change, energy carrier depletion, and acidification are the main drivers behind environmental policy, dedicating more land to energy crops should be the focus rather than the extensification of agriculture. Extensification of agriculture would be the preferred system when toxicity from pesticides is considered the main problem.
Looking at the long-term development of biomass energy systems based on energy crops, one can expect that these systems can indeed play an important role in reducing greenhouse gas emissions, energy carrier depletion, and acidification; however, their widespread worldwide introduction and related land use could limit chances for organic agriculture. This situation may require the application of additional (non-yieldreducing) measures in conventional agriculture in order to reduce the toxicity impact of pesticides.
7. LHV refers to lower heating value, which means that the efficiency is calculated on the basis of the lower heating value of the fuel. The lower heating value is the heating value of the fuel in which it is assumed that energy required for evaporation of the water during the combustion process will get lost. 8. This is approximately 53 to 71 lbs/acre/yr (1 kg Ϸ 2.20 lbs, 1 ha ‫ס‬ 10,000 m 2 Ϸ 2.47 acres). 9. Ammonia deposition causes a net release of protons in the soil by (1) 
